Lithium-ion Battery Cost Analysis in PV-household Application  by Naumann, Maik et al.
 Energy Procedia  73 ( 2015 )  37 – 47 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of EUROSOLAR - The European Association for Renewable Energy
doi: 10.1016/j.egypro.2015.07.555 
9th International Renewable Energy Storage Conference, IRES 2015 
Lithium-ion battery cost analysis in PV-household application 
Maik Naumann*, Ralph Ch. Karl, Cong Nam Truong, Andreas Jossen, Holger C. Hesse 
Technische Universität München, Institute for Electrical Energy Storage Technology, Arcisstraße 21, 80333 Munich, Germany 
Abstract 
With strongly decreasing prices of battery energy storage systems (BESS) and the stepwise reduction of remuneration for 
photovoltaic grid feed-in power in Germany, ‘home storage’ battery usage for buffering of surplus PV generation and subsequent 
self-consumption is a field of growing interest and market activity. In this paper we use a multi-parameter economic model which 
allows profitability estimation for BESS with sensitivity to both technical and economical parameters, such as battery end-of-life 
criterion, battery ageing behavior, electricity prices and storage investment costs. Using this model, we derive a clear picture of 
system profitability with dependence to all major influencing parameters. Applying the baseline ageing characteristic and given 
the German market price trends, system profitability is expected to be reached in the very near future. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The direct consumption of self-generated photovoltaic electricity in Germany surpassed grid parity in 2011 
driving new developments in the German energy turnaround. With increasing integration of BESSto the electricity 
grid, ‘battery parity’ has been anticipated as a new benchmark value, a milestone that has been forecasted for the 
near future [1]. The aim of this work is to estimate at which date this break-even point for battery usage may be 
reached depending on the given boundary conditions (e.g. electricity price, battery costs …). 
In this paper, we examine costs and revenues for BESS computed with the batteries’ levelized cost of energy 
(LCOE) and the return on investment (ROI). Based on previous work [2], we present and apply an enhanced techno-
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economic model for BESS cost and revenue analysis: Evaluations depend on different scenarios of electricity price 
and economic input data, battery size and storage replacement strategy. Furthermore, we also analyze the particular 
operational wear of batteries together with its technical and economic consequences. Finally, we provide and analyze 
ROI curves achieved for a residential customer with a ‘solar-plus-battery’ system and the conditions needed to 
surpass the break-even point in different scenarios. 
2. Methodology 
Battke et al. have presented comparison of lifecycle cost for various different stationary energy storage 
technologies by literature review, expert interviews and Monte Carlo based simulations [3]. A more detailed analysis 
to the matter of LCOE for storage application in photovoltaics (PV) coupled systems has been given by Pawel et al. 
[4]. The study analyzes the dependence of LCOE for storage systems due to economic parameter variation to assess 
the potential of PV-storage combinations for diesel generation replacement, e.g. for off grid solutions. You et al. 
recently showed an ageing dependent cost analysis model, which was used to investigate the economic viability of a 
sodium-sulfur battery for the Danish electricity market [5]. In the last mentioned paper, the authors use and describe 
the so called ‘rain-flow cycle counting algorithm’ for conducting a battery cycle-ageing analysis. The degradation 
analysis for the lithium-ion batteries used in this paper is based on a similar approach.  
For this study, we have developed a modelling tool, which allows an operation specific economic analysis of 
battery storage systems. The model not only reflects a detailed battery internal parameter evolution over time – 
namely state of charge (SOC) and ageing related state of health (SOH) development – but also it allows for an 
annuity based revenue calculation with all economic aspects of a PV-household application. We apply this model to 
show different potential scenarios for business case evolvement of PV-storage systems in the German market and 
conclude which scenarios could economically promote households to invest in energy storage systems. 
2.1. Model Structure 
The model structure used in this study is illustrated inFehler! Verweisquelle konnte nicht gefunden werden.: 
For a given scenario, definition of specific parameters for system operation and economic calculation are deduced. 
The system operation block replicates the PV-storage coupled system power flow based on load and generation 
profiles considering system restrictions. It determines battery load and reflects battery performance with dependence 
on the storage operation strategy.  
With the battery load the particular degradation of capacity is calculated which alters the systems performance 
and – after long term deterioration – may infer in replacement of the battery to recover system performance.  
The economic calculation block of the model is based on the residual load and determines both revenue achieved 
and financial losses. Together with the costs of investment, maintenance, and battery replacement, the overall 
evaluation parameters like LCOE and ROI are calculated. These financial key data can be optimised by changing the 
system dimensions as well as the operation strategy. 
2.2. Scenario definition 
We consider the application of a solar-plus-battery system – i.e. a residential customer having a PV system 
installed with the aim of reducing his electricity bill by equipping the system with a battery storage [6]. The building 
comprises of a consumer (possibly several), a solar panel on the rooftop to generate electricity, and a battery energy 
storage system to buffer the amount of electricity that is exchanged between the building and the electricity grid. 
The calculations presented here reflect the current economic and regulatory framework in Germany (EEG) [7]. 
The aim of the battery energy storage is to increase the share of self-consumed electricity and to avoid grid-
supplied electricity as the consumption of self-generated energy is preferred over remuneration for selling electricity 
and subsequent withdrawal of grid-power at other times. For this system to be economically favorable, the reduction 
of the electricity bill must exceed the investment cost for the installation of the battery system. Other motives for 
investing in battery storage might be an increased self-dependency and/or power quality and reliability 
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enhancement. However, given the high supply quality and reliability in Germany and excluding non-monetary 
aspects, we did not take the last mentioned aspects of autarky increase and reliability enhancement into account. We  
 
Fig. 1. Model structure for technical and economic analysis of battery applications 
 
focus on revenues obtained by electricity cost reduction, as installing a battery storage unit can reduce grid 
consumption. 
2.3. Description of load profiles 
For the residential power-consumption load-profile, we anticipate a synthetic load that has been generated by [8] 
under the framework of the Bundesverband der Energie- und Wasserwirtschaft (BDEW). The H0-profile used in this 
study mimics a private residential consumer: Actual measurements in an electrical grid are used to calculate the 
average load-profile with a sampling time of 15-minutes over one year. The load profile is linearly interpolated to 
match the one-minute sampling-time of the solar panel generation profile. As an average consumption for a single-
family house with four persons, we anticipate 4,400 kWh per year [9]. 
As generation profile, we utilize a typical rooftop solar panel electricity generation: Real world data acquired in 
the year 2009 on a photovoltaic panel in Munich and recorded in one-minute resolution. The degradation of PV-
panels and the small decrease of resulting power is neglected. The economically ideal size of the photovoltaic panels 
for the household was assumed to be 4.4 kWp as motivated by [10].  
Both the consumption profile and the generation profile are scaled to achieve the magnitudes used in this paper 
shown inTable 1. The maximum grid feed-in of PV electricity surplus is limited to 60 % of PV peak power (instead 
of 70 %), according to current German regulation conditions for ‘grid-relieving’ battery investment incentives 
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Table 1. Technical input parameter 
Input variable name Value 
Electricity consumption 4,400 kWh / year 
Photovoltaic peak power 4.4 kWp 
Maximum grid feed-in 0.6כPPVpeak = 2.64 kW 
Battery capacity 4.4 kWh (SoH = 100 %) 
 
 
Table 2. Lithium-ion battery parameter 
Parameter name Value 
Energy Efficiency 95 % 
Self-discharge 6 % of ୒ / month 
Calendar lifetime 12.5-15.0 years  
Cycle lifetime 3,000-6,000 EFC 
 
2.4. Operation of the energy storage system 
In this paper, we consider a lithium-ion battery system by taking into account the cost and technical data of a 
typical energy storage system, used in PV-household applications. The power flow of the BESS considers system 
limits, such as maximum rated power and current energy content which may result in reduced load or supply from 
the battery. The operation strategy used in this study estimates a maximum possible self-consumption: The energy 
storage will store all power produced by the PV system, which exceeds consumption. As such, a larger battery 
capacity leads to higher rate of self-consumption. Regarding the investment costs the battery capacity should be 
limited. Waffenschmidt [12] proposes the sizing of 1:1 of storage capacity to PV peak power, which leads to the 
battery capacity of 4.4 kWh used in this paper as baseline scenario. With this battery size the storage has to achieve 
about 275 equivalent full cycles (EFC) in one year summing up about 5500 EFC over the depreciation period of 20 
years. Furthermore the model includes battery’s self-discharge behavior of 6 % per month related to the nominal 
storage capacity EN[13] and energy efficiency of 95 % [14] shown inTable 2. For simplicity, we model the PV-
battery system coupling via a single power electronics device. The power-dependent efficiency of the power 
electronics can estimated using equation(1)[15]: 
 
P







ronicspowerElect K  (1) 
Applying a parameter set of p0 = 0.0072 and k = 0.0345, the efficiency curve fits well to measurements obtained 
on high efficiency inverters [16][17]. 
2.5. Estimation of battery lifetime 
The lifetime estimation utilised for this study superposes calendric and cycle ageing. Calendric ageing leads to 
constant capacity fade over time. For the cycle ageing, each cycle contributes to gradual reduction of the storage 
capacity with dependence on the depth of discharge for each state-of-charge-cycle. This approach is similar to 
quantifying mechanical stress with Wöhler-curves presented in [2]. Ageing parameters shown in Table 2are based 
on [18][19][20][21][22][23]and consideration of various in house experiments undertaken on lithium-ion battery 
cells. Taking into account strong dependence of ageing characteristics on the type of lithium-ion chemistry, we 
consider two scenarios reflecting the potential ageing behavior:  
x ‘Normal ageing’ (Baseline scenario): Calendric lifetime of 15 years and 6,000 equivalent full cycle lifetime are 
assumed. Cycle ageing is determined based on the Wöhler-curves method, as presented by Rosenkranz et al. [24]. 
This assumption leads to lower degradation by small cycles when compared to larger cycles. With this ageing 
assumption, calendric ageing overwhelms in the solar-plus-battery application. This reflects a typical assumption 
found in literature disregarding cyclic ageing as a whole and only taking into account calendric ageing. 
 Maik Naumann et al. /  Energy Procedia  73 ( 2015 )  37 – 47 41
x ‘Strong ageing’ (typical datasheet ageing assumption): Assuming a calendar lifetime of 12.5 years and 3,000 
equivalent full cycle lifetime. Same energy throughout is assumed to lead to similar ageing effects, regardless the 
cycle depth. 
In this battery ageing model for the sake of convenience we disregard the expectable increase of the internal 
resistance and the non-linearity of ageing for the two ageing scenarios. 
Fig.  shows an exemplary trend of the ageing behavior for the battery in the baseline scenario of the PV-
household system showing the decrease in battery’s SOH resulting to a reduced usable storage capacity. Due to the 
decreasing battery capacity the self-consumption rate declines partly over the years leading to smaller benefit of the 
PV system. For comparison the lower self-consumption rate for a PV-household without battery is also shown in 
Fig. . The SOH is defined as the capacity fade over time related to the nominal battery capacity. A SOH = 0 % 
represents a battery with no capacity left. In the baseline scenario we anticipate a battery replacement at a SOH of 
80 % which leads to further investment that show up in the replacement costs. This assumption of end-of-life 
criterion (similar to mobile applications of batteries) is used, because ageing investigations on batteries [19][23][25] 
reveal two nonlinear ageing mechanisms after the SOH falls below 80% pointing out the need of battery 
replacement: 
1. Strong increase of internal resistance and therefore decrease of battery efficiency 
2. Strong decrease of usable battery capacity 
However, this battery ageing behavior depends strongly on the particular battery chemistry and especially the 
load, i.e. temperature, current rates, mean SOC, and depth of cycles. This has to be considered more in detail in 
further investigations with this model. 
2.6. Calculation of economics 
The specific value computed and used for economic evaluations is based on the return on investment defined in 
the equation (2): 
tsreplacemen   Storage+  system storagefor investment Initial
costs ce Maintenan- costs annual  Storage-  storage withcosts Avoided=
Investment
Return=ROI  (2) 
Fig. 2. Development of battery state of health and PV self-consumption rate 
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In our case, the investment is not restricted to the investment for the storage system at the beginning, but 
considers all expenditures over the system’s operation time, such as the operation and maintenance costs and the 
required investment, if parts of the storage need to be replaced. The respective net present value of those costs is 
added to the investment for the calculation of the return on investment. This leads to a more accurate estimation of 
the economic benefit or drawback. The integration of the replacement investments is especially important for the 
model’s precision if the degradation of the battery is significant. 
2.7. Financial assumptions and BESS costs 
Different interest rates can be found in the literature [26][27][28][29]. We conduct the cost calculation for the 
case of 4 % interest rate. Considering an inflation of 2 %, this results in net interest of 1.96 %. We assume different 
potential developments of the private household electricity price in Germany: The first scenario considered, is a 
constant price of 30 ct / kWh. Note that this actually results in a small increase of the real electricity price because of 
inflation. In our second scenario electricity prices will annually increase by 3.58 %, which represents an 
extrapolation of the electricity prices from 2004-2014 analyzed by [30] taking inflation into account. The 
development of electricity prices of these two scenarios is shown in Fig. . 
Effectively the current feed-in remuneration through the German EEG is at 12.56 ct / kWh [7]. These wages are 
guaranteed for 20 years and valid for PV-household plants installed and used since 01/01/2015. The depreciation 
period of 20 years of PV systems [31]is also chosen to be the operating life of the whole BESS. These economic 
parameter are summarized in Table 3. 
Fig. 4 shows the assumed costs of the BESS components of different studies in two scenarios: The minimum 
prices scenario for the storage and power electronics is based on own investigations on current prices of household 
BESS. The price trends of [18] are used to extrapolate the prices to the year 2034 as the limit of simulations. The 
maximum prices scenario relates to an analysis of the current prices of household BESS of the Bundesverband für 
Solarwirtschaft e.V. (BSW) [32], whereby the annually decrease of 4.96 % is assumed considering [33]. The 
installation cost accounts for 5 % of the whole investment price. Annual operation and maintenance accounts for 1.5 
% of the overall investment cost per year [10] given in Table 4. 
Table 3. General economic parameter 
Input variable Value 
Interest rate 4 % per year 
Inflation 2 % per year 
Electricity price  30.00 ct / kWh  (01.01.2015)  
Feed-in remuneration 12.56 ct / kWh  (01.01.2015) 
 
 
Table 4. Battery economic parameter 
Battery data Value 
Depreciation period 20 years 
Installation rate 5.0 % of investment costs 
Maintenance rate 1.5 % of investment costs  
 per year 
 
Fig. 3. Scenarios for electricity price Fig. 4. Scenarios for BESS components price 
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2.8. Description of simulation scenarios 
Several scenarios for the future development of economic and technical input data are simulated. All simulations are 
calculated with a step size of 5 minutes as a trade-off between calculation speed and precision. Thereby the 5 
minutes values represent mean values of the original 1 minute sample time. We consider the PV-household with a 
BESS as defined by the input data described in Table 1, Table 2, Table 3 and Table 4 as the baseline for the 
following calculation scenarios. All simulations cover a time of 20 years as this is the assumed depreciation period 
of the PV system. The household load and PV generation profile each of one year length are therefore repeated 
constantly. 
In a first set of investigations, we show ROI sensitivity with respect to electricity and storage prices. Parameters 
like storage size and ageing behavior are varied for sensitivity analyses regarding the ROI. As the model also takes 
into account the replacement of the storage due to ageing, the end-of-life criterion has also been varied.  
In a second set of investigations, we identify for the aforementioned scenarios at which point in the future 
‘battery parity’ may be reached – i.e. the break-even of revenue and cost under prognosis of future capital 
expenditure for batteries and potential household electricity price. In this context, we distinguish a scenario with 
increasing electricity price and a constant electricity price – for both scenarios the minimum storage price 
development is assumed (see Fig.  4). The third and the fourth scenario are similar to the first and second, but use 
maximum storage price instead. Finally, the break-even analysis is extended by regarding different ageing behavior. 
3. Results and discussion 
3.1. Analysis of ROI sensitivity 
The following Figs. show the sensitivity of the ROI to electricity and storage price. Fig. outlines ROI curves 
between 0 % and 10 % for a battery with a capacity of 4.4 kWh (baseline scenario): The area on the left hand side of 
the 0 % curve marks profit range regarding the assumed electricity and storage prices. Under these assumptions and 
considering todays electricity price (~ 30 ct / kWh) and storage price (~ 500 € / kWh), a storage investment is not be 
profitable (ROI of -1.4 %). Instead, for the given assumptions profit may be made if storage prices were below 450 
€ / kWh – as shown in Fig. 4, this threshold may not be reached before the year 2018, even with the optimistic lower 
storage price development scenario. Considering only the increasing electricity price show in Fig. , the battery 
investment would be economically favorable from 2017 on with electricity prices about 33 ct / kWh. 
Fig. 6 sheds light into the dependence of the storage size on profitability: Capacities larger than 4.4 kWh lead to 
more unprofitable setups. Benefits through higher self-consumption rates cannot compensate the higher investment 
costs for storage. Further decrease of storage size instead yields lower profit due to decreased attainable self-
consumption (2.2 kWh storage, see dashed line in Fig. 6). As such, a storage of 4.4 kWh (baseline scenario) appears 
to be close to the optimal storage capacity. 
Fig. 5. Sensitivity of return on investment Fig. 6. Sensitivity of storage size 
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Fig. 7 and Fig. 8 show the influence of SOH threshold value for storage replacement and the influence of the 
battery ageing model, respectively. When using the storage until the end-of-life criteria of a SOH = 80 % (i.e. the 
remaining battery capacity has reached 80 % of its rated capacity) is more profitable, than replacing the storage unit 
earlier at a threshold of SOH = 85 % or 90 %. 
The enormous impact of ageing behavior on the business case for PV-Storage system becomes evident when 
looking closer to Fig. 8: switching between normal (baseline scenario) and strong ageing scenarios alters business 
case calculations significantly. At an electricity price of 30 ct / kWh battery parity can be reached at storage prices 
as little as 300 €/kWh assuming the strong ageing or at 450 €/ kWh assuming the normal ageing scenario. The last 
mentioned ageing-optimistic scenario would allow for a self-contained profitable energy storage system in 
supposedly three years from now. This underlines, that the ageing behavior has a significant effect on business case 
calculations and highlights the need to improve on battery cycle stability. 
3.2. Analysis of break-even dependencies 
In the following, we analyze the break-even depending on the year in which a storage investment is added to an 
existing PV-household system within the same baseline scenario described in the analysis before. Fig.shows the 
development of ROI regarding to the four different developments of electricity and storage prices considering the 
normal ageing scenario. The numbers below the small arrows indicate the quantity of storage replacements 
necessary to yield 20 years of operation under given conditions. Storage replacement costs also provoke the ‘wave 
shape’ found in all plots of Fig.. Installing the storage at the same time as the PV-panel increases the ROI because of 
the storage grant [11], unlike retrofitting an energy storage to an existing PV-system. 
We can see that the scenarios with maximum storage price development do not reach the break-even point in the 
investigated period. Considering the scenarios with the minimum storage price development, break-even is reached 
for both before 2023. In case of increasing electricity prices with a minimum storage price development the ‘battery 
parity’ with small ROI rates has been achieved already. 
In Fig. the break-even curves are shown for the baseline scenario assuming normal ageing and the scenario with 
strong ageing behavior. If this optimistic ageing assumption holds true, the break-even will be passed, when 
realizing the storage investment in 2021, 6 years after a PV-rooftop installation conducted in 2015. Due to this fact 
and the similar observations in Fig.  we can conclude that the cycle stability is the key factor to obtain benefit with a 
solar-plus-battery system.  
On the one hand, the considered cycle lifetime of 3,000 for the battery lifetime estimation in the strong ageing 
scenario represents the state-of-art declared in the data sheets of lithium-ion battery systems. Because of the 
manufacturer’ guarantee, we conclude that this value is a conservative estimate. The normal ageing in the baseline 
scenario with a cycle lifetime of 6,000 is therefore both more realistic and more profitable. On the other hand, 
Fig. 7. Sensitivity of SOH for replacement Fig. 8. Sensitivity of storage ageing 
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lithium-ion chemistry with a lithium titanate oxide anode (instead of graphite) and lithium iron phosphate cathode 
(LTO-LFP) promise more than 20,000 cycles to be achievable even with higher current rates than expected in home 
storage applications [34]. Considering the 5,000-6,000 EFC to be realized by the storage in the baseline scenario: A 
LTO-LFP battery would not reach the end-of-life criterion of SOH = 80 % in the investigated period. Such storage 
systems might be economically favorable over other lithium-ion chemistry and – in only a few years’ time – 
potentially allow for a feasible business case in the German market. 
4. Conclusion 
In this paper, we show an enhanced economic model and profitability estimation for a BESS with sensitivity to 
both technical parameters (e.g. battery end-of-life criteria or the ageing behavior) and economic parameters (e.g. 
electricity price or investment costs). The model allows detailed calculations taking into account the energy losses 
and the particular battery calendric and cycle ageing. Using this model, we show clear trends for economic value 
(ROI) of home storage systems in the German market under variation of several influencing parameters.  
We conclude that for a typical PV system installation set up in the year 2015, only in one of all scenarios 
investigated – the scenario with increasing electricity and strong decreasing storage prices – a simultaneous battery 
investment with the given replacement strategy (recurrent battery replacement at SOH of 80%) would be profitable 
on the long run. However, grid relieving effects may be attained using solar-plus-battery systems without drawbacks 
on self-consumption rate [35] which could motivate additional subsides or remunerations for a grid-friendly storage 
operation. Regarding the current electricity price, an additional subsidy or refund benefit of about 50 € / kWh of 
storage capacity would lead to profitable investments in storages for PV-households. 
More importantly, the so-called ‘battery parity’ is possible to be reached without subsidies in near future: For a 
PV installation executed in 2015 and considering the prognosis for strongly decreasing battery prices and significant 
enhancements on battery ageing performance a battery addition to the PV system, might be beneficial and allow 
positive ROI for a BESS installation in 2018. Price decrease for lithium-ion batteries within the last couple of years 
surpassing all expectations and various announcements on high cycle stability lithium-ion systems (e.g. using new 
battery chemistries like LTO-LFP) support this assumption of strongly declining battery prices. 
Furthermore, in this study we highlight the strong sensitivity of cycle stability on profitability of BESS, which 
motivates further in depth analysis of cell ageing behavior. This investigations should be based on experimental 
studies rather than catalogue values, as standardization of test specifications and verification of manufacturer’ data is 
often not available.  
As such, parameters influencing the battery ageing like the state of charge and internal resistance will be 
analyzed and included in a future version of the model. Further investigations with this model will also cover a 
detailed economic and technical comparison of various different battery technologies. Additional future aspects with 
Fig. 9. ROI for different scenarios Fig. 10. ROI for differentageing behaviour 
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respect to the evaluation are optimisation of battery sizing, replacement schedule and implementation of different 
operation strategies to improve BESS economics. 
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